Abstract -One of the intriguing but unanswered questions in the history of coordination chemistry is why it took so long for Alfred Werner and his students to resolve coordination compounds and thus prove the correctness of both his concept of the octahedral configuration for cobalt(II1) and his coordination theory.
WERNER'S INTEREST IN ORGANIC CHEMISTRY
Alfred Werner (1866 Werner ( -1919 is best known as the undisputed founder of coordination chemistry and the great systematizer of structural inorganic chemistry, which earned him the epithet of the inorganic Kekulg. Yet many chemists fail to realize that he was trained primarily as an organic chemist at the Eidgenassisches Polytechnikum (now the Eidgenb'ssische Technische Hochschule) in Zzrich, and despite his later preoccupation with coordination compounds, his interest in organic chemistry continued throughout the entire thirty years of his scientific career (ref. Werner's first publication, "Uber rsumliche Anordnung der Atome in stickstoffhaltigen Molekhm' ' (ref. 31 , excerpted from his doctoral dissertation, remains his most popular and important work in the organic field. With this paper, co-authored with his teacher Arthur Hantzsch (1857 Hantzsch ( -1935 , one of the most important organic chemists of the time, the 23-year-old Werner entered into one of the most exciting disputes in the history of organic chemistry, which in this case centered around the oximes (ref. 41, which constitute the classic example of geometric isomerism among trivalent nitrogen compounds.
In contrast to the more conventional views of their predecessors, Werner and Hantzsch attributed the stereoisomerism not to the carbon atom but to the nitrogen atom. They transfered van't Hoff and Le Bel's spatial concepts from the carbon atom to the nitrogen atom:
In certain compounds, the three valences of the nitrogen atom are directed toward the corners of a (in any case irregular) tetrahedron whose fourth corner is occupied by the nitrogen atom itself (ref. 3a, p. 18; ref. 3b, p. 159) .
Thus Werner played a central role in the elucidation of the stereochemistry of nitrogen just as he was later to do in that of cobalt, platinum, chromium, and other transition metals. (Nebenvalenzforrnel) , in which the nitrogen atom was assumed to have a tetrahedral configuration and which is universally accepted today.
The first generally accepted resolution of a substituted ammonium compound was accomplished by the eminent English stereochemist, William Jackson Pope (1870 Pope ( -1939 , who, by uLie of the silver salt of the strong acid, d-bromocamphorsulfonic acid, succeeded, in collaboration with Stanley John Peachey, in resolving methylallylbenzylphenylammonium iodide (ref. 9 ) . This was soon followed by numerous resolutions, which were evidence for Werner's tetrahedral configuration but were still compatible with the tetragonal pyramidal configuration. In 1928 Wyckoff examined the crystal structure of tetramethyl-and tetraethylammonium halides and found that each nitrogen atom was surrounded tetrahedrally by four methyl or ethyl groups (ref. 10). Werner's prediction of almost forty years earlier had at last received its most direct confirmation.
POPE'S CONTRIBUTIONS
Of Pope's numerous contributions to the resolution of optically active isomers only those directly relevant to Werner's work will be considered. In 1893, the very year that Werner published his coordination theory (ref. ll), Pope, together with Frederic Stanley Kipping, found that camphor can be sulfonated by fuming sulfuric acid and that the sulfochlorides, sulfobromides, and their derivatives were compounds of exceptional crystallizing power (ref. 12).
Until 1899 compounds that exhibited optical activity all contained one or more asymmetric carbon atoms, and it was widely believed that the presence of an asymmetric carbon atom was a necessary condition for optical activity. Shortly after recognizing the superiority of the camphorsulfonates and bromocamphorsulfonates over other resolving agents, Pope "lost no time in applying them to one of the outstanding problems of the time--the resolution of symmetrically substituted ammonium salts'' (ref. 13, p. 260).
As we have already seen in our discussion of "quinquevalent" nitrogen compounds, in 1899, by the use of silver (+)-3-bromocamphor-9-sulfonate Pope and Peachey succeeded in resolving methylallylbenzylammonium iodide (ref. 9 ) . This resolution not only furnished evidence for Werner's postulated tetrahedral configuration for nitrogen, but for the first time an optically active compound which owed its activity to an asymmetric atom other than carbon had been prepared, showing that the valence bonds of an element other than carbon had sufficient stability to give rise to optical activity in an asymmetric configuration. Unfortunately, Pope interpreted his resolution in terms of "quinquevalent" nitrogen rather than Werner's tetrahedral nitrogen. This discovery attracted wide attention. It was immediately recognized as a stereochemical contribution of the first magnitude, and it opened a wide field to be exploited by Pope and others.
Once he had shown that the carbon atom had no monopoly on optical activity, Pope followed this resolution of an asymmetric nitrogen compound in rapid succession with resolutions of asymmetric compounds of other elements. The following year he and Peachey resolved an asymmetric compound of sulfur, methylethylthetine bromide (&) (which they formulated as (2)) , with (+)-3-bromocamphor-9-sulfonate (ref. 1 4 ) . (1922) (1923) (1924) (1925) . Also, any possible competition did not prevent him from collaborating with the German chemist Otto Wallach on the resolution of a centroasymmetric compound, published simultaneously in English and German (ref. 20) .
Also, even if Pope had not been fluent in German, most of Werner's articles were almost immediately abstracted in the Journal of the Chemical Society (London), and a few were later available in English translation, including his book &uere Anschauungen auf dem Gebiete der anorganischen Chemie. Furthermore, by the closing years of the nineteenth century Werner was sufficiently well known in England as to attract graduate students from that country. Direct evidence of Pope's acquaintance with Werner's work and of the manner in which it was then viewed by British chemists is provided by John Read, who returned to England in the autumn of 1907 after receiving his doctorate under Werner and began a fruitful eight-year collaboration with Pope:
Therefore, as producWhen he [Pope] had shaken hands he asked: "Well, and what do you think of Werner's Co-ordination Theory?'' Evidently he was unable at that time to share to the full the opinion of an ardent disciple; but British chemists in general were not disposed to regard Werner's views with the attention they deserved until he achieved the first resolution of a co-ordination compound in 1911 (ref. 21, p. 284 ).
Pope and other British chemists finally became convinced of the validity of Werner's views, and by 1932 in a lecture entitled "Forty Years of Stereochemistry," Pope paid tribute to Werner both for his coordination theory and for his postulation of a tetrahedral configuration of the nitrogen atom in oximes, which "have given a stereochemical aspect to the whole of chemistry" (ref.
22).
Werner's awareness of Pope's work Since lack of definitive proofs for both his ammonium theory and his coordination theory prevented their acceptance by the chemical community, it is surprising that Werner did not make use of Pope's work. Today, of course, we recognize in Werner's remarkably modern viewpoint the genesis of what was later to become the Lewis octet theory and a precursor of Lewis' generalized theory of acids and bases. Werner was no narrowly sectarian inorganic or organic chemist; he viewed the formation of a fourth bond by the nitrogen atom of the ammonia molecule by reaction with methyl iodide, hydrochloric acid, or a cobalt salt as essentially the same type of reaction. In modern terms, the unshared pair of electrons on the nitrogen atom forms a coordinate covalent bond.
Although Werner was not proficient in English, the language in which Pope's works appeared, he undoubtedly followed Pope's research, either in the original publications or in German or French abstracts, for in his Lehrbuch der Stereochemie (1904), but not in any editions of his Neuere Anschauungen auf dem Gebiete der anorganischen Chemie, he cited Pope's resolutions of various organic compounds (pp. 68, 81) and of asymmetric nitrogen (p. 304), sulfur (pp. 7, 312-313), selenium (p. 314), and tin (pp. 7, 314-315) compounds and interpreted the constitution of the sulfur, selenium, and tin compounds (pp. 316-317) A dozen years earlier, with his resolution of the first asymmetric nitrogen compound (ref. 91, Pope had forced the carbon atom to relinquish its apparent monopoly on optical isomerism. Now, with the first resolution of an octahedral complex, accomplished with the aid of Pope's resolving agent, Werner had similarly forced the tetrahedron to relinquish its apparent monopoly on optical isomerism.
CONCLUSION
We have shown how the work of each of two of the greatest stereochemists of all time could have mutually enriched, reinforced, and accelerated the contributions of each to science. Both men were familiar with each other's work but apparently chose not to make use of it for reasons of rivalry, jealousy, or motives unknown to us. Werner failed to recognize in Pope's (+)-3-bromo-camphor-9-sulfonic acid the long-sought resolving agent that would provide the key to the riddle of resolving optically active coordination compounds needed to prove the octahedral configuration of cobalt(II1) and his coordination theory. recognize in Pope's resolution of an asymmetric nitrogen compound strong evidence for his assignment of a tetrahedral configuration to the nitrogen atom. recognize in Werner's views a simple explanation for the constitution and configuration of the unusual compounds that he was the first to resolve. Pope eventually accepted Werner's views, but by this time Werner had already died. Had they chosen to collaborate during the 1890s or even the first ten or fifteen years of the twentieth century, they would have made a formidable team that might have accomplished much more than they did by working separately. All that we can do is to lament with John Creenleaf Whittiar:
He also failed to Pope likewise failed to For of all sad words of tongue or pen, The saddest are these: "It might have been!"
